Background Polymorphisms in inflammation-related genes have been associated with a risk of gastric carcinoma (GC). However, the biological mechanisms underlying these associations are still elusive. Our objective was to determine whether chronic inflammation-associated IL1B signalling, as seen in the context of Helicobacter pylori infection, could be linked to gastric carcinogenesis by modulating the behaviour of gastric epithelial cells. Methods The effect of IL1B was assessed by studying the expression and activation status of the IL1B-activated transcription factors C/EBPb and CREB in GC cell lines. Interaction between CREB and C/EBPb was explored through interference RNA, chromatin immunoprecipitation and chemical inhibition. CREB and C/EBPb expression was analysed in 66 samples of primary GC and in normal gastric mucosa. GC cell growth was analysed in vitro by BrdU incorporation and in vivo employing a chicken embryo chorioallantoic membrane model. Results We found that IL1B regulates the expression/ activation status of both C/EBPb and CREB in GC cells through an ERK1/2-dependent mechanism. Our results show that CREB is a direct transactivator of CEBPB, acting as an upstream effector in this regulatory mechanism. Furthermore, we found CREB to be overexpressed in 94 % of GC samples and significantly associated with C/EBPb expression (P \ 0.05). Finally, we demonstrated both in vitro and in vivo that CREB can mediate IL1B-induced GC cell proliferation. Conclusions Our results support the hypothesis that the effect of chronic inflammation on gastric carcinogenesis, as seen in the context of genetically susceptible individuals infected with Helicobacter pylori, includes the modulation of signalling pathways that regulate survival mechanisms in epithelial cells. Summary IL1B is able to increase the expression/activation status of CREB and its target gene C/EBPb, which are mandatory for GC cell survival. Our results may help inform new strategies for the prevention and treatment of GC, including the control of chronic inflammation.
Introduction
Gastric carcinoma (GC) is the second most common cause of cancer-related death in the world. The main risk factor for the onset of GC is life-time infection with Helicobacter pylori (H. pylori), a stomach-colonising bacterium [1] .
Infection with H. pylori leads to chronic gastritis that may progress to gastric atrophy, intestinal metaplasia, dysplasia and finally GC [2, 3] .
The risk of developing GC depends both on environmental factors and host-related factors [4, 5] . In this model, gene polymorphisms that increase the production of proinflammatory mediators lead to an enhanced chronic inflammatory response to H. pylori infection and to an increased risk of progression towards GC [5, 6] . There are numerous studies demonstrating that polymorphisms in genes such as IL1B, IL1RN, TNFA and IFNGR1 are associated with a risk of developing GC [7] [8] [9] [10] [11] . Moreover, these polymorphisms have been shown to be associated with increased gene expression, both in vitro and in vivo [12] . Perhaps the most striking evidence favouring this model comes from a transgenic mouse model showing that overexpression of the IL1B gene in gastric mucosa leads to an increased risk of developing gastric disease, including dysplasia and GC, even in the absence of H. pylori infection [13] .
According to the prevailing model, the link between enhanced chronic inflammation and GC depends essentially on the ''destructive'' effects of inflammation over the gastric epithelium, resulting in atrophy of the gastric mucosa and increased cell turnover [14, 15] . However, it is well demonstrated that inflammatory mediators, and other growth factors secreted by inflammatory cells, can act directly on other cell types, such as epithelial cells. Therefore, in addition to the mucosal destruction and repair effect, enhanced chronic inflammation could also play a role in gastric carcinogenesis by providing gastric epithelial cells with a survival stimulus through the secretion of growth factors [16, 17] . Coupled with mutagenic events, this could ultimately lead to an increased risk of cell transformation and GC development.
In this regard, IL1B is particularly interesting since polymorphisms in its promoter region have been shown to be associated with an increased risk of GC [7] [8] [9] 18] . IL1B is a powerful pro-inflammatory cytokine that activates different transcription factors [19] , some of which are also activated by H. pylori infection [20, 21] . One of the IL1B-activated transcription factors is CCAAT/enhancer-binding protein beta (C/EBPb) [22] . We previously reported that C/EBPb is overexpressed in pre-malignant lesions and in GC, suggesting that this protein may facilitate gastric carcinogenesis by inducing the expression of COX-2 [23] . Furthermore, C/EBPb expression in GC was significantly associated with loss of expression of the putative gastric tumour-suppressor TFF1 [24, 25] .
Another important IL1B-activated transcription factor is cAMP response element-binding protein (CREB), which has been described as a major player in inflammation [19, 26] . In non-small cell lung cancer, IL1B induces the activation of CREB through ERK1/2 signalling, resulting in the expression of a set of pro-angiogenic cytokines that are crucial factors in tumour progression [27] . Furthermore, CREB was recently described to play an important prooncogenic role in both cancer development and progression; it was found to be overexpressed in several cancer types [28] [29] [30] [31] . It has been demonstrated, both in hepatocytes [32] and in pre-adipocytes [33] , that CREB is able to regulate the transcription of the CEBPB gene by directly interacting with its promoter.
The main objective of this study was to determine whether chronic inflammation-associated IL1B signalling, Fig. 1 Effects of IL1B stimulation and ERK1/2 inhibition on CREB, pCREB, and C/EBPb protein levels. Both AGS and GP202 cells, when treated with 10 ng/mL of IL1B for 24 h, exhibited an increase in activated ERK1/2 (pERK1/2). In parallel, the expression levels of CREB, pCREB and C/EBPb also increased. The ERK1/2 chemical inhibitor U0126 (25 lM) reverted the effect of IL1B on CREB, pCREB and C/EBPb protein levels IL1B induces cell survival by CREB-CEBPb pathway 75
as seen in the context of H. pylori infection, could be linked to gastric carcinogenesis by modulating the behaviour of gastric epithelial cells. We addressed this objective by showing that CREB and C/EBPb transcription factors can be activated by IL1B signalling in the GC context. We also demonstrated that CREB acts upstream of C/EBPb in GC cell lines. Finally, we showed in vitro and in vivo that this signalling mechanism promotes GC cell survival.
Results

IL1B increases C/EBPb and CREB expression in an ERK1/2-dependent manner
To evaluate the effect of IL1B on the expression and activation status of C/EBPb and CREB, we incubated GC cell lines AGS and GP202 with IL1B for 24 h. In both AGS and GP202 cells, incubation with IL1B led to an increase in the expression of all isoforms (LAP*, LAP and LIP) of C/EBPb (Fig. 1 ). Regarding CREB, we observed an increase in both expression and phosphorylation levels in both cell lines (Fig. 1) . Since ERK1/2 has been previously implicated in the regulation of C/EBPb and CREB, we investigated whether it could mediate the effect of IL1B over those two transcription factors. Incubation of AGS and GP202 cells with the ERK1/2 inhibitor U0126 led to a decrease in the expression of C/EBPb and CREB and to a decrease in phosphorylation levels of CREB (Fig. 1) . The level of ERK1/2 phosphorylation in both cell lines was measured as a control for the efficacy of inhibition with U0126 (Fig. 1 ). These results demonstrate that IL1B is able to regulate the expression/activation status of both C/EBPb and CREB in GC cells.
CREB is a transcriptional regulator of C/EBPb in GC cells
Knowing that CREB is a transcriptional regulator of the CEBPB gene in other cell types, we decided to investigate whether the same regulatory mechanism could be at work and BS3) and a control region (CR) located at the 3 0 end of CEBPB. c CREB interacts with all three CRE-binding motifs present on the CEBPB promoter. No Ab no antibody used, Input 1/100 of the sheared initial chromatin, CREB chromatin immunoprecipitated using an anti-CREB antibody, IgG chromatin immunoprecipitated with an unspecific antibody of the same family as the anti-CREB antibody in GC cells. Since both AGS and GP202 cells yielded the same results and the IL1B-stimulatory effect was more pronounced in AGS cells, we decided to perform the next set of experiments only in the AGS cells. Using both small interfering RNA (siRNA) and short-hairpin RNA (shRNA), we found that knocking down CREB results in downregulation of C/EBPb expression (Fig. 2a) . Conversely, silencing C/EBPb using siRNA had no impact on CREB expression (Fig. 2a) . These results show that CREB acts upstream of C/EBPb in this regulatory mechanism.
To check whether CREB acts directly on the CEBPB gene, we analysed the CEBPB promoter (2663 base pairs) in order to find putative cAMP response element (CRE)-binding motifs. We employed a previously described [32] nucleotide position numbering scheme. The analysis revealed the presence of three CRE-binding sites, ranging from nucleotides -2174 to -2171 (BS1), from -959 to -956 (BS2), and from -66 to -63 (BS3) (Fig. 2b) . Using chromatin immunoprecipitation (ChIP), we observed that CREB binds all three CRE-binding sites on the CEBPB promoter (Fig. 2c) .
These results were validated by showing that 24-h chemical inhibition of the interaction between CREB and its co-activator CREB binding protein (CBP) led to a reduced binding of CREB to the CRE-binding sites on the CEBPB gene promoter (Fig. 3a) . To confirm that the decrease in CREB binding to the CEBPB promoter actually leads to downregulation of transcription and protein synthesis, we evaluated the relative amount of C/EBPb mRNA and protein after 48 h of treatment with the CBP-CREB interaction inhibitor. This experiment resulted in a significant reduction in both C/EBPb transcript levels ( Fig. 3b ) and C/EBPb protein levels (Fig. 3c ).
CREB and C/EBPb proteins are co-expressed in normal gastric mucosa and in GC To determine whether there is an association between the expression of CREB and C/EBPb, we analysed the immunohistochemical (IHC) expression of these two proteins in a series of 66 cases of GC. In normal gastric mucosa, we found that both C/EBPb and CREB are expressed in the nuclei of epithelial cells in the proliferative isthmus/neck zone ( Fig. 4a, b) . To confirm that CREB and C/EBPb are expressed in the same cells, we performed double immunofluorescence in a tissue fragment of normal gastric mucosa ( Fig. 4g, j) . In GC, we observed that CREB and C/EBPb were expressed in cell nuclei in 94 and 73 % of the cases, respectively. A comparison of the IHC results indicates that there is a statistically significant association (P = 0.04) between CREB and C/EBPb expression in our series of GC. We also observed that GC cases with higher CREB expression scores were significantly associated with intestinal and mixed histological subtypes (P = 0.003) ( Table 1) . No associations were detected between the expression of CREB and other clinicopathological characteristics of the tumours.
CREB modulates IL1B-induced proliferation of GC cells
To determine whether IL1B is able to increase the survival of GC cells, we measured BrdU incorporation and performed TUNEL assays in the AGS GC cell line after incubating cells with IL1B. In parallel, we determined whether any of the effects of IL1B are mediated by CREB. Our control experiments showed that CREB expression is downregulated by the shRNA used (Fig. 5a ). Figure 5b shows that IL1B is able to significantly increase cellular proliferation, and that this effect can be reverted by downregulating CREB levels. IL1B had no significant effect on the rate of apoptosis (data not shown).
To explore the role of CREB in GC cell proliferation, we evaluated the expression of the cell-cycle regulator cyclin D1. After performing a dose-response experiment to determine the effect of the CBP-CREB interaction inhibitor on cell proliferation, we selected a concentration of 25 lM. In the AGS cell line, CREB inhibition had a significant inhibitory effect on cell proliferation (Fig. 5c) . The effect was more pronounced after 48 h of treatment. Moreover, this effect was also confirmed by measuring the expression level of cyclin D1 after CREB inhibition after 24 and 48 h of treatment (Fig. 5f ). The effect was also seen in the GP202 GC cell line (Fig. 5d, g ) and in the intestinaltype GC cell line MKN28 (Fig. 5e, h) . Overall, these results further support the notion that CREB plays an important role in GC cell survival, in both diffuse and intestinal histological types, by regulating the proliferation of GC cells. 
CREB inhibition decreases GC cell growth in vivo
To evaluate the effect of CREB on tumour growth, we used the chicken embryo chorioallantoic membrane (CAM) model. The CAM effectively supports the growth of inoculated human cancer cells due to the immunodeficiency of the chick during its early developmental stages. Before CAM inoculation, we confirmed the knockdown of CREB protein on AGS cells transfected with anti-CREB shRNA (Fig. 6a) . To avoid inter-animal differences in the results, scrambled shRNA and anti-CREB shRNA transfected AGS cells were inoculated in distinct areas of the CAM of the same egg and allowed to proliferate for 6 days. At this end point, the tumour area was quantified. As can be seen in Fig. 6b , inhibition of CREB led to reduced growth of the inoculated cells. Figure 6c shows that, on average, the tumour growth area was significantly smaller in cells with CREB inhibition. These results demonstrate that CREBmediated signalling is important for GC cell growth in vivo.
Discussion
Our results demonstrate that IL1B is able to activate CREB and C/EBPb in GC cells. This process is mediated by ERK1/2, since its inhibition by U0126 reverted the effects induced by IL1B. This is in agreement with previously reported results showing that IL1B is able to induce GC cell proliferation in an ERK1/2-dependent manner [16] . We also demonstrated that CREB is able to transactivate C/EBPb in GC cells.
Our in vitro observations were reinforced by the analysis of the expression of CREB and C/EBPb in a series of GC samples and normal gastric mucosa. We showed that in normal gastric mucosa, CREB is expressed in the proliferative neck/isthmus region of the gastric glands; in GC, it is overexpressed in the majority of tumour samples. These results are in accordance with those published by Chen et al. [34] , showing that CREB mRNA levels are upregulated in GC samples when compared with adjacent normal mucosa. CREB expression was also significantly associated with the expression of C/EBPb in GC. The observation that in normal gastric mucosa CREB and C/EBPb are expressed in a cellular compartment that includes progenitor cells suggests that CREB and C/EBPb may be involved in maintaining a proliferative phenotype in gastric epithelial cells. This would be in accordance with the observed pattern of overexpression of both proteins in the majority of the GC cases included in the present study. These results are also in keeping with our previous demonstration that C/EBPb is overexpressed in pre-malignant lesions and in GC, suggesting that this protein might facilitate the transformation of gastric epithelial cells by inducing the expression of COX-2 [23] and by inhibiting the expression of the putative gastric tumor suppressor gene TFF1 [24, 25] .
In order to complement the aforementioned observations with a biological readout, we evaluated the role of CREB in mediating IL1B-induced changes in cell proliferation and apoptosis. Although no significant effect was observed in relation to apoptosis, our results show that CREB is an effector of IL1B-induced cell proliferation, since downregulation of CREB impairs the pro-mitogenic action of IL1B on GC cells in vitro. These results were further supported by the CAM assays showing that inhibition of CREB reduces the ability of GC cells to survive in this in vivo model.
Infection with H. pylori leads to chronic inflammation and an increased risk of developing GC. Our results support the hypothesis that the effect of chronic inflammation on tumourigenesis includes modulation of critical signalling pathways that regulate survival in epithelial cells. Fig. 5a -h CREB modulates both IL1B-induced and basal cell proliferation. a Downregulation of CREB expression using shRNA. b AGS cells expressing normal levels of CREB (transfected with scrambled shRNA) showed an increase in cell proliferation after 24 h of treatment with 10 ng/mL IL1B, while CREB downregulation (transfected with anti-CREB shRNA) was responsible for a significant decrease in IL1B-induced cell proliferation. sc shRNA control scrambled shRNA, shRNA CREB anti-CREB shRNA. c AGS, d GP202, and e MKN28 cells were treated for 24 and 48 h to assess the time-dependent impact of treatment on GC cell proliferation; the protein levels of cyclin D1 were checked in f AGS, g GP202 and h MKN28 cells after 24 and 48 h of CBP-CREB interaction inhibitor treatment. BrdU results represent the mean ± S.D. of three independent experiments. Significance: *P \ 0.05, **P \ 0.01 and ***P \ 0.001
In this scenario, H. pylori infection leads to overexpression of IL1B which, in turn, activates CREB and C/EBPb. This effect may be more pronounced in individuals that carry genetic susceptibility polymorphisms that have been demonstrated to be associated with enhanced chronic inflammation, such as those in the IL1B gene promoter. Coupling cell survival with an increased likelihood of accumulating genetic mutations may help explain why individuals with pro-inflammatory genetic polymorphisms have an increased risk of developing GC.
Materials and methods
Tissue material
Surgical specimens from 66 GCs were resected and diagnosed at Hospital S. João, Porto, Portugal. Tissue fragments were fixed in 10 % formaldehyde followed by paraffin embedding. Tumour-representative areas of each GC were selected to create a tissue microarray (TMA) block. Serial sections of 3 lm were obtained from the TMA block and used for routine staining with haematoxylin and eosin and immunohistochemistry. This study was performed in accordance with institutional ethical standards. All of the samples enrolled in this study were unidentified.
Immunohistochemistry and immunofluorescence
Tissue sections from formalin-fixed paraffin-embedded (FFPE) tissues were first deparaffinised, hydrated, and then treated with 19 citrate buffer (pH 6.0) (Thermo Scientific, Waltham, MA, USA) for 45 min at 100°C. All of the following steps were performed at room temperature (RT). Unspecific endogenous peroxidase activity was eliminated with 3 % hydrogen peroxidase in methanol for 15 min. To reduce nonspecific background staining, slides were blocked with Ultra V Block (Thermo Scientific) for 10 min. Slides were rinsed in PBS-0.1 % Tween20 and incubated for 1 h with the antibody anti-CREB [E306] (Abcam, Cambridge, UK) diluted 1:1000 and then overnight (ON) with anti-C/EBPb (Abcam) diluted 1:1000 in UltraAB Diluent (Thermo Scientific). Slides were then incubated with Dako Real EnVision HRP Rabbit/Mouse solution (Dako, Glostrup, Denmark) for 30 min. Slides were washed, developed for 1-3 min with 2 % Dako REAL TM DAB? Chromogen solution (Dako), counterstained with haematoxylin, dehydrated, and mounted with mounting medium (Thermo Scientific). All washing steps were performed in PBS-0.1 % Tween20 buffer. Normal gastric mucosa was used as a control, and negative controls were obtained by substituting the primary antibody with immunoglobulins of the same class and concentration. Slides were reviewed by a pathologist, and the percentage For immunofluorescence, antigen retrieval was performed with 19 citrate buffer (pH 6,0). After unspecific protein blocking with Ultra V Block (Thermo Scientific) for 10 min, slides were incubated with the antibody anti-CREB [E306] diluted 1:1000 for 1 h, followed by the antibody anti-C/EBPb diluted 1:1000 ON. After washing twice with PBS-Tween 0.021 % for 10 min, the slides were incubated with a mixture of two secondary antibodies raised in different species (with Texas Red conjugated against rabbit and FITC conjugated against mouse) for 45 min at room temperature and protected from light. To counterstain cell nuclei, slides were mounted with Vectashield Mounting Medium with DAPI (Vector Laboratories, Burlingame, CA, USA). Finally, slides were visualised and images were captured (via ApoTome) under a fluorescence microscope (Zeiss, Oberkochen, Germany).
Cell culture, chemical treatments and transfections AGS, MKN28 and GP202 cell lines were maintained in RPMI medium (Gibco, Waltham, MA, USA), supplemented with 10 % foetal bovine serum (FBS) (PAA, Pasching, Austria), and 100 IU/mL penicillin and 100 lg/ mL streptomycin (Gibco), in a humidified incubator under an atmosphere of 5 % CO 2 at 37°C. Cells were grown until 60-80 % confluence and treated with 10 ng/mL of IL1B (Sigma, St. Louis, MO, USA) and incubated for 24 h.
For ERK1/2 inhibition, cells were treated with 25 lM U0126 (Cayman, Ann Arbor, MI, USA) together with IL1B for 24 h. As U0126 was diluted in DMSO, an appropriate volume of DMSO was added to the cells as the control condition. For CBP-CREB interaction inhibition, cells were treated with 25 lM of the specific inhibitor (MerckMillipore, Darmstadt, Germany) or DMSO vehicle (Sigma) for 24 and 48 h. 
BrdU incorporation assay
Cells were allowed to reach 60-80 % confluence and 19 BrdU was added to the culture medium for 1 h. Cells were then washed with 19 PBS and fixed in freshly prepared 4 % (v/v) paraformaldehyde at RT for 30 min. The glass slides were removed from the 6-well plate, transferred to individual wells in a 12-well plate, and washed with 1xPBS. In order to denature the DNA and permeabilize cells, hydrochloric acid (HCl) 2 M was added to each slide for 20 min, followed by washing steps with PBS-0.5 % Tween20 plus 0.05 % BSA. Cells in glass slides were incubated for 1 h with mouse primary antibody against BrdU (Dako) diluted 1:10, washed twice with PBS-0.5 % Tween20 plus 0.05 % BSA, and incubated for 30 min with anti-mouse secondary antibody marked with Alexa Fluor 594 (Invitrogen) diluted 1:100. Glass slides were rinsed in PBS-0.5 % Tween20 plus 0.05 % BSA twice, mounted with Vectashield Mounting Medium with DAPI (Vector Laboratories), and finally visualised under fluorescent microscopy. For each experiment, the BrdU technique was performed in triplicate. In each assay, at least 1000 cells were counted and BrdU incorporation was expressed as the ratio of DAPI to BrdU-positive cells.
Promoter analysis and chromatin immunoprecipitation (ChIP)
The nucleotide sequence of human CEBPB promoter was obtained from the UCSC Genome Browser (http://genome. ucsc.edu/). The putative CRE-binding sites present on CEBPB promoter were identified using the Genomatix MatInspector software (http://www.genomatix.de/solutions/ genomatix-genome-analyzer.html).
ChIP assay was performed using a Magna ChIP G Kit (Millipore, Billerica, MA, USA), according to the manufacturer's protocol instructions. Briefly, 1 9 10 7 of AGS cells were crosslinked with 1 % formaldehyde for 10 min at RT, and the reaction was stopped by 19 glycine solution for 5 min. Cells were rinsed with 19 PBS, lysed in order to isolate nuclei, and then sonicated in Nuclear Lysis to shear the chromatin to sizes of 200-500 bp. Then, 50 ll of the supernatant were immunoprecipitated by adding 2 lg of rabbit antibody anti-CREB (Abcam) or 2 lg of control rabbit polyclonal anti-IgG antibody (Abcam), and the mixture was placed on a rotator at 4°C ON in the presence of magnetic G beads. DNA-protein crosslinks were reversed by heating samples at 62°C for 2 h on a shaking platform. To elute DNA, a series of wash steps followed by elution (50 ll) were performed in spin columns. PCR conditions: 95°C for 15 min, 35 times (95°C for 1 min, 58-60°C for 1 min, 72°C for 1 min). The reactions were carried out with HotStarTaq DNA Polymerase (Qiagen) as described by the manufacturer, using 2 ll of DNA template. The PCR products were analysed by electrophoresis on a 2 % agarose gel. PCR primer pairs flanking CREB-binding sites and for the control region (CR) were designed using the Primer 3 software.
RNA isolation, cDNA synthesis and quantification of CEBPB mRNA transcript Total RNA was isolated from AGS cells grown in 6-well culture plates using the RNeasy Mini Kit (Qiagen). Reverse transcription was performed using a SuperScript II Reverse Transcriptase Kit (Invitrogen) with 1000 lg of total RNA in a 20-ll volume reaction, after treatment with DNase I (Invitrogen).
To determine the relative amount of CEBPB transcript, we performed quantitative target amplification, using cDNA as the template, with the SYBR Green PCR Kit (Qiagen), according to the manufacturer's protocol. As an internal control, we quantified the expression levels of beta-actin transcript.
Analysis of in vivo tumour growth
The chicken embryo CAM model was used to evaluate the growth capability of AGS cells transfected with scramble or shCREB RNA (n = 16). Briefly, fertilised chick (Gallus gallus) eggs were incubated horizontally at 37.8°C in a humidified atmosphere. On embryonic day 3 (E3), a square window was opened on the shell after removing 1.5-2 mL of albumin to allow detachment of the developing CAM. The window was sealed with a transparent adhesive tape and the eggs returned to the incubator. Cells, re-suspended in 10 ll of complete medium, were placed on top of E10 growing CAM, and 2 9 10 6 cells per embryo from each cell line (scrambled shRNA vs CREB shRNA) were placed into a 3-mm nylon ring under sterile conditions. The eggs were re-sealed and returned to the incubator for an additional 5 days. After removing the ring, the CAM was excised from the embryos, photographed ex ovo under a stereoscope at 209 magnification (SZX16 coupled with a DP71 camera, Olympus, Tokyo, Japan). The area of CAM tumour was determined using the Cell A program (Olympus).
Statistical analysis
The clinicopathological features of GC cases were compared using the v 2 test. When two conditions were compared, Student's t test was used, whereas ANOVA was employed when the comparison involved more than two conditions. The paired t test was used for tumour area comparisons. In order to accurately access putative differences in tumour areas between the two cell lines, only eggs bearing two tumours with areas C1 mm 2 (n = 16) were considered, independently of the cell group. Values of P \ 0.05 were considered to be statistically significant.
